The fast ion distribution from 3 rd harmonic ion cyclotron resonance frequency (ICRF) heating on the Joint European Torus is studied using neutron emission spectroscopy with the time of flight spectrometer TOFOR. The energy dependence of the fast deuteron distribution function is inferred from the measured spectrum of neutrons born in DD fusion reactions, and the inferred distribution is compared with theoretical models for ICRF heating. Good agreements between modeling and measurements are seen with clear signs of effects due to the finite Larmor radius of the resonating ions as well as strong synergetic effects between ICRF and NBI heating. The total energy content of the fast ion population was also examined using the TOFOR data and compared with estimates from magnetic measurements; good agreements were found below 350kJ.
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AbstrAct
The fast ion distribution from 3 rd harmonic ion cyclotron resonance frequency (ICRF) heating on the Joint European Torus is studied using neutron emission spectroscopy with the time of flight spectrometer TOFOR. The energy dependence of the fast deuteron distribution function is inferred from the measured spectrum of neutrons born in DD fusion reactions, and the inferred distribution is compared with theoretical models for ICRF heating. Good agreements between modeling and measurements are seen with clear signs of effects due to the finite Larmor radius of the resonating ions as well as strong synergetic effects between ICRF and NBI heating. The total energy content of the fast ion population was also examined using the TOFOR data and compared with estimates from magnetic measurements; good agreements were found below 350kJ.
IntroductIon
In the next step burning plasma experiments, such as ITER, confinement of energetic ions plays a critical role for the performance of the fusion plasma. The main source of plasma heating will be due to the slowing down of fusion born 3.5 MeV alpha particles from the t(d,n) 4 He reaction (DT). However, before the introduction of tritium at ITER [1], as well as in present day fusion experiments, the behavior of energetic ions in fusion experiments is mainly studied by creating populations of supra-thermal ions using auxiliary heating systems. For this purpose, 3 rd harmonic ion cyclotron resonance frequency (ICRF) heating has been used at the joint European torus (JET) [2] in a number of experiments to accelerate deuterons [3] as well as 4 He [4] to energies in the MeV range. To correctly interpret the results of such experiments it is important to have a good knowledge on the distribution function of energetic ions that is created by the auxiliary heating systems. This paper concerns measurements of the fast ion distribution function from 3 rd harmonic ICRF heating.
The heating scheme was first tested at JET by Eriksson et al. in deuterium plasmas [3] using ICRF heating only, and was later used by Mantsinen et al. to accelerate 4 He beams [4] . 3 rd harmonic ICRF heating has been chosen for accelerating beams since the main harmonic would correspond to the bulk plasma cyclotron frequency, while the 2 nd harmonic of deuterium and 4 He would match the main harmonic of hydrogen, which always present in the plasma at the level of few percent.
3 rd harmonic ICRF heating has also been used at other tokamaks, e.g. at TEXTOR [5] and JT-60 [6] . Furthermore, at DIII-D, ICRF heating was tested both at the 4 th as well as 5 th harmonic [7] .
Harmonic ICRF heating has been shown to create very non-Maxwellian ion populations; e.g. in [8] , Salmi et al. demonstrated the finite Larmor radius (FLR) cut off in the distribution function from 2 nd harmonic proton heating. Further, harmonic ICRF heating also shows strong synergetic effects between ICRF and neutral beam injection (NBI) heating. In this paper we examine these properties in detail.
At JET, diagnosis of ions in the MeV range is typically done by analyzing either the products from nuclear reactions involving the fast ions, or the escaping fast neutrals from charge exchange reactions. For example in [9] , Kiptily et al. studied fast 4 He from 3 rd harmonic ICRF from the intensity of the 4.4 MeV gamma line from 9 Be( 4 He,ng) 12 C reactions and in [10, 11] , information on the energy distribution of fast ions was obtained by analysis of the Doppler broadened shape of the gamma emission using high resolution gamma spectroscopy. In this paper we study fast deuterons by analyzing the neutron spectrum from d(d,n) 3 He reactions (DD). The first results where fast deuterons from 3 rd harmonic ICRF were studied with neutron emission spectroscopy (NES) measurements were presented in [12] . These results were later followed up in [13, 14] with an analysis of how the fast deuterons interact with magneto hydrodynamic (MHD) activities.
In this paper, we focus on the distribution function created by the 3 rd harmonic ICRF heating scheme. A method to derive the fast deuterium energy distribution (f d ) from NES data is presented and used with the neutron time-of-flight spectrometer TOFOR [15] . High quality data from TOFOR allowed for f d to be determined over the range E d = 0.1 to 3.5 MeV, which made detailed investigations of the properties of harmonic ICRF heating possible. The paper is organized as follows: in section 2 the necessary physics of harmonic ICRF heating is reviewed; in section 3.1 the experimental setup at JET is described; in section 3.2 the principle of using NES for diagnosing fast deuterium is explained, and in section 4 the results from a JET experiment with 3 rd harmonic ICRF heating are presented.
HArmonIc IcrF HeAtIng
ICRF heating of fusion plasmas works by matching the frequency of the wave (ω ic ) with the n th harmonic of the cyclotron frequency (ω c ) of the heated ion species (i.e., ω ic = n ω c , where n = 1, 2, …). The ICRF absorption is a quasi-linear diffusion that locally flattens the distribution function of the resonant species. For a monotonically decreasing distribution function the result is a net acceleration of the particles. The time evolution of the distribution function, f, can be described by a Fokker Planck equation [16] :
(1) where a and b are the Spitzer coefficients from [17] , describing drag and diffusion from the background plasma. S and L are the source and loss terms, and D RF is the quasi-linear RF coefficient, i.e., the strength of the heating, which is given by (2) Here, P^ is the ICRF power density, J m is the m th order Bessel function, k^ is the perpendicular wave number and v^ is the perpendicular velocity of the ion. E + and E are the strengths of the electric fields rotating co-and counter to the ion cyclotron motion, respectively. From the expression of D RF , it can be seen that only fundamental heating (n =1) is capable of effectively heating a cold (i.e. v^ ® 0) plasma since it includes J 0 (x), which is the only Bessel function that is nonzero for x ® 0. Harmonic heating (n > 0) is an effect of the finite Larmor radius of the resonating ions and therefore requires v^ > 0. For efficient harmonic ICRF heating, a population of fast ions is thus needed. This could be either the wings of a high-temperature thermal population or a seed of fast ions, e.g. from NBI heating. For a cold plasma a strong synergetic effect between the efficiency of the ICRF heating and any additional NBI heating is thus expected.
Since the Bessel functions are oscillating there will be a series of velocities where D RF is zero.
The first zero corresponds to the velocity where the Larmor radius (r L = v^/ω c ) becomes comparable to the wavelength of the ICRF wave, and the resonating ions start to rotate out of phase with the wave. At this velocity the strength of the ICRF heating is consequently zero, and only a few ions are therefore expected to be accelerated beyond the energy corresponding to the first zero in D RF , which is here denoted E*. The exact location of E* depends on k^ and the polarization (E + /E -).
These can be calculat §ed numerically, but in this paper we approximate them using cold plasma theory [16] . The polarization can be approximated by (3) where (4) and n || = (cn f )/(ω ic R maj ). The summation over s includes all plasma particle species (electrons and ions); n f is the toroidal mode number of the wave, which at JET is roughly 25 for dipole phasing and 15 for ±90° phasing; R maj is the location of the resonance along the major radius. Further, the perpendicular wave number is obtained by (5) where (6) and S = 0.5(R+L), D = 0.5(R-L). For otherwise constant plasma parameters, equations 2 through 6
result in E* scaling as E* µ B 2 /n e . An example of D RF for 3 rd harmonic ICRF heating is shown in where A is given by (8) and H is the Heaviside function. An example of a distribution function is shown in Figure 1 ( 
neutron emIssIon spectroscopy
The TOFOR specTROmeTeR
At JET, neutron spectroscopy measurements can be made using the time-of-flight spectrometer TOFOR [15] . The spectrometer views the plasma radialy from above the tokamak at a distance of 19 meters from the plasma center. TOFOR consists of two detector sets with 5 primary scatterers (S1) and 32 secondary scatterers (S2). The flight path between S1 and S2 is around 1.2 meters and the scattering angle is 30°. This results, to first order, in a time of flight that scales as t TOF µ 1/ÖE n .
Neutrons with E n = 2.5 and 14 MeV have corresponding t TOF = 65 and 27 ns, respectively ( Figure   2 (a)). For detailed analysis of TOFOR data, the full response function of TOFOR is used, which is calculated with a Monte Carlo simulation. As an example, the response from 2.5 MeV neutrons is shown in Figure 2 (b), where the resolution broadening of 7.5% (full width at half maximum) is seen as well as the contributions of multiple scattered neutrons at a relative level of 1%.
Since the neutron flux measured by TOFOR is a volume-integrated measurement the neutron emissivity profile, y(x), is needed to interpret TOFOR measurements on an absolute scale. The rate measured by TOFOR is obtained as (9) where e is the spectral averaged efficiency of TOFOR (about 0.7% for the discharges studied in this paper) and W(x) is the solid angle covered by TOFOR from the position x. During the experiment studied in this paper the neutron profile monitor [18] data was not available, and to gain information on the neutron emissivity profile the ratio between R TOF and the total neutron rate (R NT ) measured by the fission chamber was used. Here we make a simplified assumption that the emission profile is constant within a volume enclosed by a flux surface and zero outside that volume; we call this volume V core (r) and the corresponding emissivity within V core is called ψ core . (10) where V LOS is the volume of the intersection of the TOFOR sight line and V core . W LOS is the average W within V core . The total neutron rate is further given by (11) and V core is found by iteratively adjusting r so that equations 10 and 11 are fulfilled simultaneously.
If the neutron emission is dominated by fast ions reacting with the bulk plasma the emissivity is given by y = n f n d <σv rel >, where n f and n d are the fast and bulk deuterium densities, respectively, and <σv rel > is the reactivity. n f can then be approximated as (12) When the emissivity is estimated from a collimated flux measurement, as is done here, the anisotropy in the DD reaction cross section also needs to be taken into account.
signaTuRes OF FasT iOns in The neuTROn specTRum
Fast ion diagnosis using NES can be performed in both D and DT plasmas, although the energy dependence of the cross sections (s) makes the DD reaction particularly advantageous for diagnosing deuterons in the MeV range. The reactivity for mono energetic fast ions interacting with a cold target (σv cm ) is shown in Figure 4 for DD (red-solid) and DT (blue-dashed) reactions [19] . While the DT reactivity peaks at E cm ≈ 70 keV, the DD reactivity grows monotonically. At deuteron energies of a few MeV, the reactivity is almost 2 orders of magnitude higher than for ions around a typical beam injection energy (about 100 keV). The energy of the neutron from a fusion reaction (E n ) carries information on the velocities of the reactants involved and is given by:
where (14) Here, Q is the total energy released in the nuclear reaction; K is the relative kinetic energy of the reactants and m their reduced mass; m R denotes the mass of the residual nucleus and m n the neutron mass; q is the angle between the centre of mass velocity and the emission of the neutron in the center of mass frame. The neutron energy spectrum from the interactions of two ion distributions, respectively. By measuring the width of the neutron spectrum the plasma core temperature can be deduced. However, a non-Maxwellian population of fast ions reacting with the bulk plasma will produce a non-Gaussian supra-thermal (ST) spectrum that can be used to measure the fast deuteron content.
To understand the properties of the ST spectrum, consider a mono energetic ion distribution at energy E and velocity v interacting with a thermal background plasma (E >> T). The first term in equation (13) will be small. The second term will be m r Q / (m n + m r ) for low energies (K << Q) and amount to a positive energy shift as E becomes comparable to Q. If the spectrum is measured in a direction perpendicular to the magnetic field, as is the case for TOFOR, the cyclotron motion of the fast ion will have a large impact on the third term. When a fast ion is travelling towards TOFOR cos(q) is positive and when it is travelling away from TOFOR cos(q) is negative. The third term will thus result in a broadening of the spectrum that increases with energy of the fast ion.
Examples of simulated DD neutron emission spectra from mono-energetic deuteron distributions, with pitch angle x = v || /|v| = 0 (i.e., 90° to the magnetic field), reacting with a plasma at a temperature of 5 keV is shown in Figure 5 (a). These are hereafter called d-spectra. The choice of x = 0 is the result of the geometry of the TOFOR sight line and the type of auxiliary heating used in the experiment studied. When ions are accelerated by ICRF heating their orbits become trapped with turning points at the resonance layer, and at the turning point the velocity is fully perpendicular to the magnetic field. In this paper an experiment with on-axis ICRF heating is studied, and since the TOFOR sight line crosses the center of the plasma and mainly views the fast ions at their turning points the assumption of x = 0 is justified.
Deuteron energies of E d = 0.1, 0.5 and 1.5 MeV have been simulated. As can be seen, the neutron spectra are of double-humped shape with low-and high-energy peaks. The origin of the double humped shape is the cyclotron motion of the fast deuterons. The high-energy peak corresponds to deuterons travelling towards TOFOR and the low-energy peak to those travelling away from TOFOR. The high-energy peaks are located at E n = 2.8, 3.5 and 4.6MeV for the three simulated energies, and they are the features that most distinctively separate the different d-spectra. In Figure   5 (b), the d-spectra are shown after folding with the TOFOR response function. The high-energy peaks are here manifested on the low t TOF -side at 61, 55 and 48 ns. For comparison, a calculated thermo-nuclear spectrum from a 5 keV deuterium plasma is also shown in Figure 5 (a,b) in black.
A neutron spectrum from an arbitrary deuteron distribution function, f d (E d ), can be obtained by superimposing several d-spectra and setting their individual weights proportional to the level of f d at the corresponding deuteron energy. Furthermore, the weights also needs to be scaled with the reactivity of the DD reaction at E d .
In the opposite way, the fast deuterium distribution can be inferred from measured TOFOR data; this is done with an iterative method. First, trial ST spectra are created from a set of d-spectra and folded with the TOFOR response function; this generates trial data. Second, the most likely distribution function f d is found by iteratively varying the weights of the d-spectra to find the maximum probability that the trial data describes the measured TOFOR data.
Since this is an inversion problem on data with finite statistics, there will always exist an infinite number of valid solutions for a given neutron spectrum. Therefore, care needs to be taken to avoid over fitting. As seen from Figure 5 , the main part of the information about the fast ion distribution is found in the high-energy peaks of the d -spectra. For this reason, it is required that the peaks of the d-spectra are separated by at least 1.5 ns in the TOFOR spectrum, which is the smallest feature in the data that TOFOR can resolve. 13 d-spectra that comply with this criterion were identified;
namely for deuterons at E d = 100, 200, 350, 500, 700, 900, 1100, 1400, 1700, 2100, 2500, 2900
and 3300 keV.
The energy resolution in the inferred f d thus varies from 100keV at low energies to 400keV at the highest energies. Uncertainties in f d are found by varying the intensity of one d-spectrum at a time and search for a one-s deviation in the probability. Computing fully unconstrained uncertainties, i.e., all remaining d-spectra are allowed to vary freely in the process to account for correlation between parameters, was found to be too computationally expensive for this problem. Instead, a compromise was chosen where the four neighboring d-spectra are allowed to vary as these were found to be the most correlated parameters in the problem.
results
OveRview OF expeRimenT
At JET, an experiment with deuterium plasmas and the combination of deuterium NBI heating and ICRF heating tuned to the 3 rd harmonic of deuterium was run in 2008, and here we present results from 14 discharges. For all discharges, the magnetic field was set close to B = 2.2T, and the frequency of the ICRF heating was ω ic = 52MHz. This places the 3 rd harmonic deuterium resonance In Table 1 , details of the discharges studied are presented. Besides ICRF and NBI heating powers, the peak neutron rates (R NT ), total fast ion energies (W fast ) and high-energy cut off (E cut ) are also
shown; E cut and W fast will be discussed in more detail in sections 4.2 and 4.3, respectively. The time periods used to integrate TOFOR data are shown in Table 2 . A most striking result of the 3 rd harmonic ICRF+NBI scenarios is the high neutron rates that were obtained using rather modest total heating powers. E.g. in JET Pulse No: 74941 a total neutron rate of 10 16 s -1 was obtained with a total heating power of P AUX = 7.4 MW.
It is interesting to compare these neutron rates with those from more traditional JET operations.
We take here the peak efficiency of the neutron production, i.e., R NT /P AUX as example. In Figure   6 we show R NT /P AUX versus P AUX for all JET discharges during the last decade of operations, but excluding the trace tritium campaign during 2003. Each discharge is represented with a black dot, and the contour lines show their density; discharges from the experiment studied in this paper are marked with red dots. In this picture, plasmas heated with 3 rd harmonic ICRF clearly form a class of their own. Typically, the combination of NBI and 3 rd harmonic ICRF heating has a neutron production efficiency about 10 times higher than for normal JET operations. The only other JET discharges with comparable R NT /P AUX are a few transient high-power discharges with P AUX ≈ 20MW.
FasT iOn eneRgy disTRibuTiOns
As discussed in section 2 of this paper, the properties of the 3 rd harmonic ICRF heating scheme is expected to result in highly non-Maxwellian ion populations. Here we examine the fast deuterium distribution functions using the method described in section 3.2. TOFOR data from JET Pulse No's: 74937 and 74946 are shown in Figure 7 (a) and (c). For both discharges, the time of flight spectrum is very broad, extending to as low flight times as t TOF ≈ 40ns. Recalling from Figure 5 that deuterons around the NBI injection energy (E NB ≈ 100 keV) are manifested in a neutron energy spectrum from E n = 2 to 3MeV, i.e., between t TOF = 70 and 60ns, it is clear that the main part of the neutron emission is due to deuterons with energies considerably higher than E NB . In fact, t TOF = 40ns
corresponds to E n ≈ 7MeV, which in turn requires deuterons with energies of at least E d > 3.0MeV.
The events with t TOF < 40 ns are attributed to the random background that is a consequence of the time of flight principle and their number is consistent with the background level for these spectra.
In Figure 7 As discussed in section 2, the location of E* is expected to be inversely related to the electron density; indeed, this is clearly seen in the comparison between the two discharges. Moreover, for the former discharge the electron density varied significantly during the ICRF heating period (Figure 8a ). The electron density started at n e = 2. Further, the cut off in f d is shown as a function of electron density in Figure 9 for all discharges presented in Table 1 ; also shown in Figure 9 is the calculated E* as a function of n e . For n e > 2.5 10 19 m -3 there is a good agreement between the measured and predicted values, and the inverse relationship between E* and n e is clearly reproduced.
TOTal FasT-iOn eneRgy
The total fast-ion energy (W fast ) of the plasma was calculated using the density of the fast ion population obtained using equations 9 through 12; the estimates of the core volume were around V core ≈ 7m 3 with r ≈ 0.3. Note that these estimates concern the part of the plasma containing the ICRF accelerated ions and therefore differ from the 20m 3 discussed in section 2, which concerned the beam deposition. Since W fast is calculated from the part of f d above 200keV, i.e., above the beam-injection energy; therefore the NBI slowing down distribution is not included in W fast . The bulk deuterium density used in equation 12 was estimated from Z EFF measurements as
, where Z imp is the charge of the dominating impurity, here assumed to be carbon, i.e., Z imp = 6. The results are presented in Table 1 , and the time evolution of Pulse No's:
74279 and 74283 are shown in Figure 10 (upper panels). The error-bars on W fast are the estimated systematical uncertainties at 20%. The main contributors to a systematical error are the uncertainties in Z EFF , R NT and n e . The quoted systematical uncertainties for these measurements are 20%, 10%
and 10%, respectively. A sensitivity analysis shows that this would contribute to an uncertainty in (Figure 10b ), the interpretation of Z EFF is more complicated. Like in the previous discharge, a level around 2.2 is seen when the ICRF heating is applied. However, Z EFF then climbs to levels between 5 and 7, which coincides with some straggling in the ICRF power.
With the assumption Z imp = 6 this would imply that barely no deuterium is left in the plasma, or even that the deuterium density is negative. While the latter is unphysical, the former can be ruled out since very few neutrons would be produced in that case, and looking at In Figure 11 we show W fast , calculated from TOFOR data as well as from magnetic measurements, for all discharges in Table 1 ; the errors on the estimates from TOFOR data are 20% as discussed above. For W fast < 350 kJ there is, within the systematical uncertainties, a consistent picture between the two different measurements. However, we see that for Wfast > 350 kJ the estimates from TOFOR data are consistently higher by about 150kJ, and this difference is significant.
NBI and ICRF synergies
As discussed in section 2, a synergetic effect between the NBI heating and the efficiency of the The highest W fast were seen when the ICRF and NBI heating were more equally balanced. E.g.
Pulse No's: 74945 and 74950 reached values up to 700kJ. For this reason it is interesting to seek a relation that also includes the balance between NBI and ICRF power. In Figure 12 we show W fast as a function of ICRF power times NBI power. This results in a linear relation, reflecting that in order to achieve the most efficient harmonic ICRF heating the power must be equally balanced between NBI and ICRF.
dIscussIon
In this paper, the 3 rd harmonic ICRF heating scenario has been studied in detail. A typical property of this heating scheme is a very efficient neutron production as shown in Table 1 and Figure 6 . This is in line with earlier observations, e.g. in [3] Eriksson et al. reached total neutron rates of 9.0 10 15 s -1 using 13 MW of ICRF heating. However, in the experiment discussed in this paper the synergetic effects between NBI and harmonic ICRF heating allowed for similar neutron rates using, in total, roughly half of this power. Such synergy effects on the neutron rates were also seen e.g. by
Koch et al. [5] , where accidental 3 rd harmonic acceleration of deuterium beams, in an attempt to heat electrons, was discussed. Further, NBI + harmonic ICRF synergies were also studied in [21] .
We can here rule out that the synergies observed are due to increasing slowing down times from higher electron temperatures and hence a higher fast ion energy content. More NBI power would typically result in hotter plasmas; however, the differences in electron temperatures are less than 0.5keV, and this alone cannot explain the results observed.
In harmonic heating schemes, a finite Larmor radius (FLR) cut off in the distribution function is expected. While this cut off is certainly reasonable looking at the ICRF diffusion coefficient (D RF ) discussed in section 2, it could be argued that in a real plasma the minima in D RF would be smeared out and not deep enough, e.g. due to the electron density profile and the spectrum of k ⊥ . In that case some ions could be expected to be able to pass E*. However, the results in this paper clearly show that, within the dynamic range of the analysis (about 2 orders of magnitude), there are no deuterons with energies above E*, and the measured location of the cut off in f d is systematically seen to agree with the calculated E* (Figure 8 and Figure 9 ) for electron densities n e > 2.5 10 19 m -3 . The exception is for n e < 2.5 10 19 m -3 where the distribution function does not reach the calculated E*.
A possible explanation could be that the relatively weak ICRF powers (around 3MW) used in this experiment were not able to accelerate the deuterium ions to energies above 4MeV. Alternatively the orbits might be too large and the ions are promptly lost around 3.5MeV. The results are also in agreement with estimates on k ⊥ and E* using gamma spectroscopy data [11] .
A possible source of error in the analysis in Figure 7 is the neutron emission from beam-beam reactions, i.e., when the fast ion population reacts with itself instead of the bulk plasma. This issue was investigated by calculating the expected level of beam-beam reactions, using the inferred f d and compare with the measured total neutron rates. It was found that the maximum contribution from beam-beam reactions is on a level of a few percent; the uncertainties in the inferred distribution functions are thus dominated by the statistics in the TOFOR data.
A second source of error in the calculations of f d is the unknown pitch angles of the energetic ions. The d-spectra are calculated assuming x ≈ 0. While ICRF heating produces fast ion distributions with x close to zero on average, pitch angle scattering and diffusion will smear out the distribution around zero. For a distribution with x ¹ 0, v ⊥ will be lower and consequently the location of the high-energy peak in the d-spectrum will move to lower energies. Potentially, this could cause the location of high-energy peaks for d-spectra from different ion energies and different x to overlap.
However, around x = 0, the neutron spectrum is only weakly dependent on the pitch angle (cos(q) ≈ constant for small q). For the 13 d-spectra that were chosen here, there is no overlap within |ξ| < 0.5, which is considered adequate for this study.
Finally it is interesting to investigate the implications that the FLR effects might have for ICRF heated plasmas at ITER. In ITER high performance scenarios, the high magnetic field (B T = 5.3T) will result in ions with small Larmor radii, and hence the FLR effects discussed in this paper will only be significant for energies in the 10-20MeV range. On the other hand, ITER is also expected to run for extensive periods at reduced magnetic field. Under those circumstances the FLR effects are important in almost any ICRF heating scenario and need to be considered.
conclusIons
We have shown in this paper how the fast deuterium distribution from ICRF heating can be inferred from analysis of neutron emission spectroscopy data. The analysis was successfully employed for an experiment with 3 rd harmonic ICRF heating of deuterium beams. It was found that the distribution function of the energetic deuterons was highly non-Maxwellian due to the finite Larmor radius 
